1. Introduction
===============

The leaf area index (LAI), which is defined as the one-sided green leaf area per unit ground area \[[@B1-sensors-15-06196],[@B2-sensors-15-06196]\], is a crucial parameter for describing vegetation structures. The index is closely associated with vegetative photosynthesis, transpiration, and the land surface energy balance \[[@B3-sensors-15-06196],[@B4-sensors-15-06196]\], and is important in modeling biophysical processes and earth system productivity \[[@B5-sensors-15-06196],[@B6-sensors-15-06196]\]. Satellite remote sensing is one of the most effective methods of monitoring terrestrial seasonal and inter-annual variability within regional to global domains \[[@B7-sensors-15-06196]\]. Several global LAI products have been produced from remote sensing data obtained from different sensors, including SPOT/VEGETATION \[[@B8-sensors-15-06196],[@B9-sensors-15-06196]\] and TERRA-AQUA/MODIS \[[@B10-sensors-15-06196]\]. The MODIS LAI products were reprocessed for Collection 5 (C5) and released in 2007 based on previous validation reports and algorithm refinements. Most recently, the GEOLAND2 Version 1 (GEOV1) LAI product derived from SPOT/VEGETATION sensors was released to capitalize on the strong performances of several existing LAI products while limiting the situations where products show deficiencies \[[@B9-sensors-15-06196]\]. However, because of the varying definitions of LAI products (true LAI or effective LAI) and different data sources used to produce these products, LAI products can vary significantly. Product validation for accuracy and uncertainty is thus required so that users can identify the most appropriate product, or a combination of products, to use for their applications \[[@B11-sensors-15-06196]\].

To assess uncertainties in the LAI products of various satellite products, direct comparisons with *in situ* measurements or reference maps are typically conducted. A series of validation projects have been created, including the BigFoot Project \[[@B12-sensors-15-06196]\], Validation of Land European Remote Sensing Instruments (VALERI) project \[[@B13-sensors-15-06196]\], and various individual validation activities which were summarized by Garrigues *et al.* \[[@B7-sensors-15-06196]\] and Baret *et al.* \[[@B14-sensors-15-06196]\]. Using these datasets, many subsequent efforts have been made to validate global and regional LAI products, and various levels of accuracy and uncertainty have been reported \[[@B15-sensors-15-06196],[@B16-sensors-15-06196],[@B17-sensors-15-06196],[@B18-sensors-15-06196]\]. To determine the best practices and guidelines and thereby form a unified validation framework, the Land Product Validation (LPV) sub-group of the Committee for Earth Observation Satellites (CEOS) developed a validation strategy \[[@B19-sensors-15-06196]\], and four main validation stages were defined \[[@B11-sensors-15-06196]\]. More recently, the On Line Interactive Validation Exercise (OLIVE) platform was established dedicated to compiling existing validation datasets and validating global biophysical products, such as the LAI and Fraction of Absorbed Photosynthetically Active Radiation (FAPAR), following the guidelines established by the CEOS-LPV community \[[@B20-sensors-15-06196]\].

Continuous LAI product validation is still needed to improve the algorithms and to provide feedback to users and developers. However, because field validation efforts for direct validation were time and resource intensive, large-scale and uniformly organized field validation activities in recent years have been sparse \[[@B17-sensors-15-06196],[@B21-sensors-15-06196],[@B22-sensors-15-06196]\]. Additionally, regional validations that consider local surface and climatic conditions are necessary. In China, such regional validations are important for understanding the performance of such products in this region. Ultimately, product intercomparisons are also important to evaluate the temporal and spatial consistency between products and to allow land surface model users to properly combine multiple LAI products while extending the temporal and spatial scales \[[@B7-sensors-15-06196],[@B23-sensors-15-06196]\].

The Validation network of Remote sensing Products in China (VRPC) was founded in 2012, and four remote sensing stations with representative surface and good observation facilities in heterogeneous areas were included in the network for the first period of the project execution (2012--2014). Each station covers an area of 3 km × 3 km or 2 km × 2 km, and the land cover includes oasis cropland in the northwest, cropland in the north, and cropland and grassland in the northeast \[[@B24-sensors-15-06196]\]. Using regional multi-resolution satellite images and ground observations, LAI reference maps for each station were generated. This study evaluated and intercompared the MODIS (Terra MODIS and Terra + Aqua MODIS) and GEOV1 LAI products using high-resolution field measurements and LAI reference maps of northern China for the period 2011--2013 within different seasonal and inter-annual cycles. The accuracy of these products was assessed through comparisons with high-resolution LAI reference maps derived from field measurements. Product intercomparisons were also conducted over seasonal and inter-annual cycles.

2. Materials and Methods
========================

2.1. Study Sites
----------------

The following four sites were examined in this study: Yingke (oasis farmland, corn), Hulunber (meadow steppe), Jingyuetan (farmland, corn), and Dayekou (coniferous forest, *Picea crassifolia*). The first three sites were selected from the VRPC, and Ma *et al.* \[[@B24-sensors-15-06196]\] provided detailed descriptions of these sites. The Dayekou site was selected from Heihe Watershed Allied Telemetry Experimental Research (HiWATER) \[[@B25-sensors-15-06196]\] remote sensing station data. The site is positioned 35 km from the Yingke site and is considered a core VRPC observation field for the upcoming execution period. The four sites are located throughout northern China, covering sub-humid (Hulunber and Jingyuetan) and semi-arid (Yingke and Dayekou) climate zones. All of the sites are characterized by flat topography and vegetation canopy. The locations and characteristics of these four sites are shown in [Figure 1](#sensors-15-06196-f001){ref-type="fig"} and [Table 1](#sensors-15-06196-t001){ref-type="table"}.
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###### 

Validation site characteristics.

  Site         Latitude    Longitude    Elevation(m)   Land Cover          Site Size
  ------------ ----------- ------------ -------------- ------------------- -------------
  Dayekou      38.5337°N   100.2502°E   2835.2         Coniferous Forest   2 km × 2 km
  Yingke       38.8571°N   100.4103°E   1519.1         Cropland (corn)     2 km × 2 km
  Hulunber     49.3533°N   120.1246°E   650            Meadow steppe       3 km × 3 km
  Jingyuetan   44.1172°N   125.3615°E   190            Cropland (corn)     3 km × 3 km

![Validation site locations (vegetation type was obtained from a digitized 1:1,000,000 vegetation map of the People's Republic of China \[[@B26-sensors-15-06196]\]).](sensors-15-06196-g001){#sensors-15-06196-f001}

2.2. Field Measurements and LAI Reference Maps
----------------------------------------------

In the VRPC, an LAI product validation standard and guideline named "Specifications for validation of leaf area index remote sensing products" has been formulated. This standard and guideline directs site construction and collaborative observations of the core sites and other network sites \[[@B24-sensors-15-06196]\]. A field measurement method similar to the two-scale sampling strategy designed through the VALERI project \[[@B27-sensors-15-06196]\] was used to collect the ground LAI and spectral data for the four sites. At each site, elementary sampling units (ESU) of 30 m × 30 m were selected based on the spatial distribution characteristics of the underlying surfaces. In each ESU, the LAI was measured at five subplots of 1 m × 1 m using the indirect optical method (LAI-2000 (Li-Cor, Lincoln, NE, USA) in Hulunber and Yingke, HemiView (Delta-T Devices Ltd, Cambridge, UK) in Dayekou or destructive harvesting method in Jingyuetan. One above-canopy and six below-canopy measurements were recorded at each point to obtain one local effective LAI value for the LAI-2000 measurements. One hemispherical photograph was obtained at each point for HemiView measurements with a 180° field-of-view fish-eye converter attached to a digital camera and then processed to derive an effective LAI estimate in the HemiView analysis software. Three to five average individual plants were collected for the destructive method. Five local LAI values were then averaged to calculate a mean value for each ESU. In addition, GPS locations (accurate to 2 m) for each ESU were recorded at the center point. Measurements were conducted in 2012 and 2013. To generate the true LAI maps, the effective LAI values (*L~e~*) measured by optical instruments at the three sites were converted to true LAIs (*LAI*) using equation 1 to correct for the presence of clumping and woody material. In Jingyuetan, field LAIs were collected using the destructive method, the clumping effect was not considered: $$LAI = (1 - \alpha)L_{e}\gamma_{e}/\Omega_{e}$$ where α is the woody-to-total area ratio, γ*~e~* is the needle-to-shoot area ratio, and Ω*~e~* is the element clumping index. For grassland and cropland, we set α = 0 and γ*~e~* = 1 based on the coefficients used in the MODIS LAI algorithm, and an empirical clumping index of 0.9 was used \[[@B28-sensors-15-06196]\]. For coniferous forest, the effects of foliage clumping and woody elements were corrected based on the information extracted from photographs using HemiView analysis software.

Generally, the following three transfer methods are used to generate high-resolution LAI maps from ground measurements and high-resolution satellite imagery: empirical methods, physical models, and hybrid approaches \[[@B16-sensors-15-06196],[@B29-sensors-15-06196]\]. Empirical models are generally developed using correlations between remote-sensing-based vegetation indices (VI) and LAI ground measurements. For physical models, models based on the geometrical optics (GO) model or radiative transfer (RT) model are typically used, and a relationship between LAI and surface reflectance was determined by solving the GO or RT equation. Ground data are mainly used to calibrate model parameters \[[@B30-sensors-15-06196],[@B31-sensors-15-06196]\]. A hybrid approach of physical and empirical methods has also been developed to generate high-resolution LAI maps \[[@B32-sensors-15-06196],[@B33-sensors-15-06196]\].

In this study, HJ-1A/1B CCD and Landsat8 OLI satellite images with a 30 m spatial resolution were obtained to generate LAI reference maps ([Table 2](#sensors-15-06196-t002){ref-type="table"}). At the Dayekou and Yingke sites, six HJ-1A/1B CCD images were collected from May to October of 2012. After preprocessing through geometric correction, radiometric calibration and atmospheric correction, a canopy BRDF (bidirectional reflectance distribution function) model \[[@B34-sensors-15-06196]\] was established to formulate canopy reflectance as a function of LAI, wavelength, soil and leaf type, clumping index and sun-view geometry ([Table 2](#sensors-15-06196-t002){ref-type="table"}). Finally, look-up tables (LUT) based on vegetation types were used to retrieve LAI measurements. Three bands of HJ-1A/1B CCD (NIR, red and green) and a land cover-map were used as the input, and the least-squares method was chosen as the cost function to obtain the LAI from the LUT. Before executing the BRDF model, prior information was used to parameterize the solution: vegetation was divided into 17 types based on the 30 m spatial resolution land-cover data included in the ChinaCover dataset, which was jointly mapped by the Chinese Academy of Sciences and Ministry of Environmental Protection of the People's Republic of China \[[@B35-sensors-15-06196]\]; single-leaf hemispherical albedos of each vegetation type were acquired from the random field spectral measurement; hemispherical albedos of soil were determined through a large amount of field spectral measurements and relevant studies in Heihe River Basin; clumping index values of every pixel for each vegetation growth condition were calculated from field measurements and the clumping index map over China's landmass; G-function values were set to 1 for grasses and swamps, 0.8 for forests and 0.6 for farmlands depends on the leaf angle distribution of each vegetation type; and woody elements were eliminated based on previous studies by Chen *et al.* \[[@B36-sensors-15-06196]\] and Breda *et al.* \[[@B37-sensors-15-06196]\]. The details of the algorithm are presented in \[[@B34-sensors-15-06196],[@B38-sensors-15-06196]\]. For the Hulunber site, seven HJ-1A/1B CCD satellite images were collected from June to August of 2013. Following radiometric calibration and atmospheric and geometric corrections, a regression model based on the LAI-NDVI (Normalized Difference Vegetation Index) relationship was built to generate LAI reference maps. The relationships were constructed using 120 pairs of ground-measured LAI and vegetation indices, and then the retrieved LAIs were improved with another 80 field-measured LAI values using a linear regression equation for every scene. Finally, the improved LAI reference maps were validated using the remaining 42 pairs of LAI validation data \[[@B39-sensors-15-06196]\]. For the Jingyuetan site, an empirical regression approach was also employed using 79 field-measured LAIs and two Landsat8 OLI images to retrieve the LAI maps. An enhanced vegetation index (EVI) was also used \[[@B40-sensors-15-06196]\].

sensors-15-06196-t002_Table 2

###### 

Characteristics of the LAI reference maps of the validation sites (In the BRDF equation, $\rho$ represents the canopy reflectance; $G$ is the G-function and represents the mean projection of a unit leaf area along the viewing or the illuminating directions; $\lambda_{0}$ represents the clumping index; and $\rho_{g}$ and $\rho_{v}$ represent the hemispherical albedos of soil background and leaf, respectively).

  Site                 High-Resolution Image Sensors   Date                                                                Algorithm                                                           Clumping Index   Reference
  -------------------- ------------------------------- ------------------------------------------------------------------- ------------------------------------------------------------------- ---------------- -----------------------------------------------------
  Dayekou and Yingke   30 m HJ-1 A/B CCD               2012/5/20; 2012/6/29; 2012/7/19; 2012/8/29; 2012/9/30; 2012/10/15   Canopy BRDF model $\rho = f(LAI,G,\lambda_{0},\rho_{g},\rho_{v})$   0.5--0.97        \[[@B37-sensors-15-06196],[@B38-sensors-15-06196]\]
  Hulunber             30 m HJ-1 A/B CCD               2013/6/4; 2013/6/23; 2013/7/13; 2013/7/21; 2013/8/11; 2013/8/19     Regression approach $LAI = 5.37 \times \ln(NDVI) + 3.71$            0.9              \[[@B39-sensors-15-06196]\]
  Jingyuetan           30 m Landsat8 OLI               2013/6/17; 2013/7/12                                                Regression approach $LAI = 8.32 \times EVI^{2.08}$                  NA               \[[@B40-sensors-15-06196]\]

2.3. MODIS LAI Products
-----------------------

The MODIS LAI product suite for 2011--2013 with Terra C5 (MOD15 C5) and Terra + Aqua C5 (MCD15 C5) data, which were collected from the USGS Land Processes Distributed Active Archive Center (LP DAAC) \[[@B41-sensors-15-06196]\] was used. The products have a resolution of 1 km and a temporal interval of eight days. Two algorithms were used to generate the products: the main algorithm and backup algorithm. The main algorithm is based on LUT data simulated through a three-dimensional radiative transfer model \[[@B42-sensors-15-06196]\]. The MODIS LAI C5 algorithm refined the radiative transfer (RT) simulations in order to improve the consistency between MODIS and simulated surface reflectances, and the LUT for all biomes were recalculated with a new stochastic RT model to better depict three-dimensional effects \[[@B43-sensors-15-06196]\]. Red and NIR atmospherically corrected MODIS reflectance and corresponding illumination-view geometry data were used as LUT inputs. Vegetation clumping was accounted for at the shoot and canopy scales for each biome type. When the main algorithm fails, a backup algorithm is triggered to estimate the LAI based on the same radiative transfer model simulated LAI-NDVI relationships. In this study, only the main algorithm retrievals were considered (quality control (QC) value \< 64).

2.4. GEOLAND2 Version1 (GEOV1) LAI Product
------------------------------------------

The GEOV1 LAI product, which is distributed by the Copernicus Global Land portal \[[@B44-sensors-15-06196]\], is derived from SPOT/VEGETATION sensor data at 10-day intervals and a 1-km spatial resolution. GEOV1 products are estimated using a neural network of values issued through CYCLOPES V3.1 and MODIS C5 products to take advantage of the unique strengths of each product while limiting their deficiencies \[[@B9-sensors-15-06196],[@B20-sensors-15-06196]\]. BELMANIP2 sites that represent the possible range of surface types and conditions were used to generate fused products \[[@B14-sensors-15-06196]\], which complement the temporal continuity of the previous VEGETATION CYCLOPES product (1999--2008) for the 1998--2014 period. Algorithm inputs correspond to the directionally normalized top of canopy reflectance in the red, NIR and SWIR bands and solar zenith angles. Preprocessing tasks include cloud screening, atmospheric correction, and directional normalization. GEOV1 LAI products are formed from a combination of lower LAI value CYCLOPES, among which leaf clumping is generally marginal. For larger MODIS LAI values, among which leaf clumping may be more significant (particularly in forest canopies), the GEOV1 LAI product generates values closer to the true LAI \[[@B45-sensors-15-06196]\]. Similarly, retrievals within the valid range (LAI \< 7.0) are considered in this study.

2.5. Products Validation and Intercomparison
--------------------------------------------

Because of the different projection systems and data processing software used by the MODIS and GEOV1 LAI products, the images obtained for the two products within the region of interest may include pixel mismatching. In this study, we used an area-weighted average method \[[@B46-sensors-15-06196]\] (Equation (2)) to extract pixel values of each site for each product, the geolocation of MODIS pixel was set as the target pixel (reference), and GEOV1 pixels were set as the source pixels (to be weighted): $$V = \frac{\sum_{i = 1}^{n}{A_{i}v_{i}}}{\sum_{i = 1}^{n}A_{i}}$$ where *V* represents the area-weighted pixel value, *v~i~* represents the LAI value retrieved from source pixel *i*, *A~i~* refers to overlaid area of the source pixel *i*, and *n* refers to the number of pixels that are included in the target pixel.

After extracting the LAI values of each site for each product, the product LAI values were compared with LAI reference maps to assess their uncertainty and consistency. First, valid LAI values for the validation site closest to the date of the ground measurements were extracted and averaged, and these values were then compared to the LAI values averaged from the reference maps to quantitatively evaluate the product uncertainty. Second, all valid LAI product values for the sites were compared, and the level of bias among them was calculated. Finally, temporal product profiles were determined to evaluate continuity and seasonal variations. Two statistical indicators were used to quantitatively evaluate the uncertainty: the mean absolute error (MAE) and root mean square error (RMSE) (Equations (3) and (4)): $$RMSE = \sqrt{\frac{\sum_{i = 1}^{n}{(LAI_{s1,i} - LAI_{obs(s2),i})}^{2}}{n}}$$ $$MAE = \frac{\sum_{i = 1}^{n}\left| {LAI_{s1,i} - \left. {LAI_{obs(s2),i}} \right|} \right.}{n}$$ where $LAI_{s1,i}$ is the LAI value retrieved from product 1 on date $i$, and $LAI_{obs(s2),i}$ refers to the field-observed LAI or the LAI value retrieved from product 2 on date $i$.

3. Results and Analysis
=======================

3.1. Characteristics of the LAI Reference Maps
----------------------------------------------

A total of 14 LAI reference maps ([Table 3](#sensors-15-06196-t003){ref-type="table"}) of the four validation sites were collected from 2012 to 2013, one representative map of each site is shown in [Figure 2](#sensors-15-06196-f002){ref-type="fig"}. During the growing season, the true LAI values ranged from 0.9 to 2.1 for coniferous forests, 0.1--4.6 for croplands, and 1.0--2.2 for meadow steppes ([Table 3](#sensors-15-06196-t003){ref-type="table"}). The highest LAI values were recorded from mid-June to mid-August, and the start of the vegetation growing season revealed a rapidly increasing LAI. A rapid LAI decline also occurred at the end of the vegetation growing season. Using field measurements, the accuracy of the LAI reference maps was estimated. For the Dayekou and Yingke sites, each LAI reference map was generated from the same HJ-1 A/B image. Reference map validation data derived from field measurements show that mean absolute error (MAE) values for forest and farmland are 0.44 and 0.56, respectively, with relatively low standard deviations of 0.29 and 0.53, respectively, for the absolute error \[[@B38-sensors-15-06196]\]. For the Hulunber site, following retrieval and improvement tasks using ground measurements, the LAI reference maps agreed well with the field-measured LAIs (MAE value of 0.29 and MAR standard deviation of 0.20). The LAI reference maps for the Jingyuetan site are also highly accurate. The MAE between the field-measured and retrieved LAI was 0.49, with a standard deviation of 0.65.

![LAI reference maps of each site: (**a**) June 2012, Dayekou; (**b**) June 2012, Yingke; (**c**) July 2013, Hulunber; and (**d**) July 2013, Jingyuetan.](sensors-15-06196-g002){#sensors-15-06196-f002}
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###### 

Characteristics of the LAI reference maps for the validation sites ("STDEV" under "Accuracy (STDEV)" refers to the standard deviation).

  Site         Date                                                                Mean LAI                       Accuracy (MAE)   Accuracy (STDEV)
  ------------ ------------------------------------------------------------------- ------------------------------ ---------------- ------------------
  Dayekou      2012/5/20; 2012/6/29; 2012/7/19; 2012/8/29; 2012/9/30; 2012/10/15   1.0; 1.2; 2.1; 1.8; 2.0; 0.9   0.44             0.29
  Yingke       2012/5/20; 2012/6/29; 2012/7/19; 2012/8/29; 2012/9/30; 2012/10/15   0.1; 4.2; 4.6; 3.1; 1.6; 0.2   0.56             0.53
  Hulunber     2013/6/4; 2013/6/23; 2013/7/13; 2013/7/21; 2013/8/11; 2013/8/19     1.0; 1.7; 2.1; 2.0; 2.2; 2.2   0.29             0.20
  Jingyuetan   2013/6/17; 2013/7/12                                                0.9; 4.3                       0.49             0.65

3.2. Direct Comparisons
-----------------------

To assess the overall quality of the MODIS and GEOV1 LAI products, we conducted direct comparisons between the products using LAI reference maps. After checking the quality control layers for the two products, all pixels for corresponding product scenes of the validation sites were found to have the highest quality (QC = 0). The comparison results show that all of the product results agreed reasonably well with the LAI reference maps ([Figure 3](#sensors-15-06196-f003){ref-type="fig"}). The lowest degree of uncertainty compared with the LAI reference maps was achieved by the GEOV1 product (RMSE = 0.59, MAE = 0.46), followed by the Terra + Aqua MODIS (RMSE = 0.68, MAE = 0.56) and Terra MODIS products (RMSE = 0.90, MAE = 0.70). However, a slight underestimation was generated by the MODIS product, and this discrepancy increased when using a larger LAI. [Figure 3](#sensors-15-06196-f003){ref-type="fig"}a shows that uncertainty with Terra MODIS mainly occurred with LAI values greater than 3. This finding may be due to the high MODIS retrieval sensitivity to surface reflectance precision for large LAI ranges, as minor variations in the surface reflectance generate LAI variations in the saturation domain \[[@B7-sensors-15-06196],[@B47-sensors-15-06196]\]. GEOV1 appears to be the most accurate product, especially the obvious improvement in the high LAI domain compared to MODIS. The neural network (NNT) algorithm, whose training dataset is derived from fused CYCLOPES and MODIS products with varied weights \[[@B9-sensors-15-06196]\] and an additional SWIR band (to account for background reflectance) \[[@B48-sensors-15-06196]\], may be the key to the favorable performance of GEOV1.

In addition to the overall performance results, product uncertainty by vegetation class is shown in [Table 4](#sensors-15-06196-t004){ref-type="table"}. Because the Jingyuetan and Yingke sites are composed of homogeneous corn, the two sites were merged as a cropland biome. GEOV1 and MODIS estimate meadow steppe and coniferous forest more accurately than cropland, as the former two biomes generate low LAI values. In terms of accuracy, the products are ranked in the following manner: GEOV1 \> Terra + Aqua MODIS \> Terra MODIS. GEOV1 estimates cropland with the highest accuracy, followed by Terra + Aqua MODIS. Terra MODIS performs the worst in this area, producing an RMSE value greater than one, and the uncertainty was primarily produced as a result of largely arose from LAI values greater than 3. Moreover, the MODIS product results varied with respect to the meadow steppe and cropland, which were classified as one biome in the MODIS LAI/FPAR algorithm. MODIS overestimated meadow steppe and underestimated cropland during the rapid growth period. Similar observations were reported in Yang *et al.* \[[@B21-sensors-15-06196]\] for sites with corn, winter wheat, and grass, which may have been caused by the effect of discrepant canopy structure between grassland (random distribution with minimal stem-trunk-branch area fraction) and cropland during the mid-growth stage (compact random distribution with substantial leaf-stem fraction) on the MODIS LAI retrieval. Because of the small number of points and limited grassland and cropland types available, additional observations in this area are required.

![Evaluation of the LAI products using LAI reference maps: (**a**) Terra MODIS; (**b**) Terra + Aqua MODIS; and (**c**) VEGETATION GEOV1.](sensors-15-06196-g003){#sensors-15-06196-f003}
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###### 

MODIS and GEOV1 comparisons with LAI reference maps.

                      n   Terra + Aqua/MODIS   Terra/MODIS   VEGETATION/GEOV1                     
  ------------------- --- -------------------- ------------- ------------------ -------- -------- --------
  Meadow steppe       6   0.5497               0.5910        0.4858             0.5409   0.2705   0.3182
  Coniferous forest   6   0.4607               0.6070        0.6025             0.7058   0.4301   0.5832
  Cropland            8   0.6506               0.7957        0.9444             1.1901   0.6158   0.7328

3.3. Intercomparison of MODIS and GEOV1 LAI
-------------------------------------------

To assess discrepancies between the MODIS and GEOV1 products, scatterplots for the products were generated ([Figure 4](#sensors-15-06196-f004){ref-type="fig"}). Overall, no significant discrepancies existed between the Terra and Terra + Aqua MODIS LAI product results (R^2^ = 0.94, RMSE = 0.29), although the Terra + Aqua MODIS results were slightly higher than the Terra MODIS results, reducing the underestimation of the LAI retrievals by Terra MODIS. Yang *et al.* \[[@B49-sensors-15-06196]\] noted that the number of high-quality retrievals generated for the growing season is largely restricted by aerosol contamination, and the combined Terra-Aqua product minimizes this effect by increasing the number of high-quality retrievals by 10%--20%. Higher overall estimations were generated by the GEOV1 product than by the MODIS product, with a strong correlation R^2^ = 0.84 and 0.86 between the GEOV1 and Terra MODIS and Terra + Aqua MODIS products respectively; a relatively large scattering pattern is observed for high LAI values. This higher estimation was generally produced for coniferous forest and cropland areas, potentially due to the different canopy models \[[@B7-sensors-15-06196]\] and input surface reflectances \[[@B50-sensors-15-06196]\] used in each retrieval algorithm. The SWIR band used in the GEOV1 algorithm, which reduced the soil and understory background interruption, also improved the accuracy.

![Intercomparison of LAI products: (**a**) Terra MODIS *vs.* Terra + Aqua MODIS; (**b**) Terra MODIS *vs.* VEGETATION GEOV1; and (**c**) Terra + Aqua MODIS *vs.* VEGETATION GEOV1.](sensors-15-06196-g004){#sensors-15-06196-f004}

3.4. Temporal Consistency Test
------------------------------

Inter-annual and seasonal variations among the MODIS and GEOV1 LAI products for the four sites from 2011--2013 are shown in [Figure 5](#sensors-15-06196-f005){ref-type="fig"} to determine the temporal consistency. At the four sites, both the MODIS and GEOV1 products follow the seasonal trajectories of the LAI maps reasonably well, and GEOV1 presented smoother variability. For the two MODIS products, even when only MODIS LAI values retrieved through the main algorithm were used, significant fluctuations were recorded during the peak growing season. For the GEOV1 products, NNT training could mitigate the MODIS product's instability when a longer composite period is applied \[[@B50-sensors-15-06196],[@B51-sensors-15-06196]\]. However, for the coniferous forest area, GEOV1 generated larger ranges than MODIS year-round. The site may be viewed as a mixture of Qinghai Spruce and bare soils due to the sparse forest cover in the area, potentially causing the MODIS product to underestimate *in situ* LAI measurements \[[@B52-sensors-15-06196]\]. This result may also be attributable to the limited leaf clumping identified by the CYCLOPES LAI product; as a result, the GEOV1 training for low LAI values was affected \[[@B9-sensors-15-06196]\]. For meadow steppe and crop areas, the strong agreement between the GEOV1 and MODIS results may be due to the limited leaf clumping in the two biomes \[[@B42-sensors-15-06196],[@B50-sensors-15-06196]\].

![Inter-annual and seasonal variations generated by the LAI products for 2011--2013: (**a**) meadow steppe; (**b**) cropland in Jingyuetan; (**c**) conifer forest; and (**d**) cropland in Yingke.](sensors-15-06196-g005){#sensors-15-06196-f005}

To determine the cause of LAI produces anomalies, we smoothed the LAI curves of the three products for each year across the four sites using the Harmonic Analysis of NDVI Time Series (HANTS) algorithm \[[@B53-sensors-15-06196]\]. This algorithm uses a Fourier analyses to remove pronounced outliers in a time series and reconstruct a smooth curve ([Figure 6](#sensors-15-06196-f006){ref-type="fig"}). The absolute difference between the smoothed and unsmoothed LAI time series was calculated for each product and divided into five levels: no fluctuation (0--0.2), slight fluctuation (0.2--0.5), moderate fluctuation (0.5--1), large fluctuation (1--2), and intense fluctuation (2--4). The retrieval quality of the validated LAI pixels of each class were calculated by verifying the QC values as shown in [Table 5](#sensors-15-06196-t005){ref-type="table"}. For the Terra and Terra + Aqua MODIS LAI products that were retrieved by the main algorithm, approximately 60% of the pixels had the highest quality (QC = 0 or 2), approximately 39% of the pixels were cloud contaminated (7 \< QC \< 32), and another 1% of the pixels were retrieved by a saturated algorithm (31 \< QC \< 64). For the no-fluctuation class of 0--0.2, approximately 58% of all pixels were of the highest quality and approximately 41% of the pixels were contaminated by significant or mixed cloud cover. Similarly, more than 10% of the pixels were cloud contaminated for the slight-fluctuation class of 0.2--0.5. Hence, despite the potential of cloud cover may result in poor algorithm performance, highly accurate atmospheric correction features do not generate LAI retrieval anomalies \[[@B49-sensors-15-06196]\]. For the other classes that cause obvious LAI retrieval anomalies, numerous pixels have the highest quality (Terra MODIS, 91.64%, 58.33%, and 80% for 0.5--1, 1--2, and 2--4, respectively; and Terra + Aqua MODIS, 63.64%, 66.67%, and 25% for 0.5--1, 1--2, and 2--4, respectively), and few pixels were contaminated by clouds or saturated by the algorithm, suggesting that these factors were not a significant cause of the LAI retrieval anomalies in this study. Hence, we suggest that uncertainty in the surface reflectance, incongruities between the modeled and measured reflectance values, and shorter temporal resolutions (eight days) are the most likely causes of anomalies \[[@B47-sensors-15-06196],[@B49-sensors-15-06196],[@B50-sensors-15-06196],[@B54-sensors-15-06196]\]. The GEOV1 product had a longer temporal compositing window, which led to an absence of cloud-contaminated pixels over the four sites, and substantial amount of pixels (65.06%) of suspect quality (QC = 4). The LAI curve demonstrated the lowest number of anomalies.

![HANTS smoothing of the LAI time series data.](sensors-15-06196-g006){#sensors-15-06196-f006}
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###### 

Statistical pixel distribution from the LAI products curve fluctuations.

                           No Fluctuation (0--0.2)   Slight Fluctuation (0.2--0.5)   Moderate Fluctuation (0.5--1)   Large Fluctuation (1--2)   Significant Fluctuation (2--4)   Total
  ------------------------ ------------------------- ------------------------------- ------------------------------- -------------------------- -------------------------------- --------------
  **Terra MODIS**          374                       51                              12                              12                         5                                454
  Highest quality          217 (58.02%)              37 (72.55%)                     11 (91.67%)                     7 (58.33%)                 4 (80%)                          276 (60.79%)
  Cloud contaminated       154 (41.18%)              14 (27.45%)                     1 (8.33%)                       5 (41.67%)                 1 (20%)                          175 (38.55%)
  Algorithm saturated      3 (0.8%)                  0                               0                               0                          0                                3 (0.66%)
  **Terra + Aqua MODIS**   407                       35                              11                              3                          4                                460
  Highest quality          235 (57.74%)              31 (88.57%)                     7 (63.64%)                      2 (66.67%)                 1 (25%)                          276 (60%)
  Cloud contaminated       168 (41.28%)              4 (11.43%)                      3 (27.27%)                      0                          3 (75%)                          178 (38.70%)
  Algorithm saturated      4 (0.98%)                 0                               1 (9.09%)                       1 (33.33%)                 0                                6 (1.30%)
  **VEGETATION GEOV1**     312                       34                              4                               2                          0                                352
  Highest quality          107 (34.29%)              14 (41.18%)                     1 (25%)                         1 (50%)                    0                                123 (34.94%)
  Suspect quality          205 (65.71%)              20 (58.82%)                     3 (75%)                         1 (50%)                    0                                229 (65.06%)

4. Discussion
=============

4.1. LAI Reference Map Uncertainty {#sec4dot1-sensors-15-06196}
----------------------------------

LAI reference map accuracy is primarily affected by ground measurement errors \[[@B7-sensors-15-06196]\]; thus direct or indirect methods are typically used to collect ground LAI. Direct measurements through harvesting are the most accurate, and the "true LAI" can be directly used for validation \[[@B55-sensors-15-06196]\]. Indirect allometric and optical methods are more convenient but may produce bias among the effective LAI measurements because of vegetation clumping effects, non-green elements, and optical signals saturation \[[@B56-sensors-15-06196],[@B57-sensors-15-06196],[@B58-sensors-15-06196]\]. To determine the true LAI of a vegetation canopy, the effective LAI must be corrected for foliage clumping and non-photosynthetic elements.

For the Jingyuetan site, the "true LAI" was obtained through direct harvesting, and the mean LAI values of each sampling unit were used to generate the LAI reference maps. Because of clumping effects, negligible uncertainties may have been obtained for the Hulunber site when empirical clumping indices were used, although limited leaf clumping processes in meadow steppe areas may limit the degree of bias \[[@B50-sensors-15-06196]\]. Understory or non-green elements may serve as the main source of uncertainty that affects the generation of LAI reference maps because the optical method accounts for stem and branch influences on light interception \[[@B59-sensors-15-06196]\]. In cropland and grassland areas, the effect of non-green elements is negligible because only a limited number of senescent leaves and non-green tissues are present \[[@B42-sensors-15-06196]\]. As for coniferous forests, the understory can produce substantial variations among satellite LAI products derived through the vertical integration of radiometric signals within the canopy \[[@B60-sensors-15-06196],[@B61-sensors-15-06196]\].

Geolocation and spatially random errors of ground measurements and LAI reference maps will also have a profound influence on product comparisons \[[@B62-sensors-15-06196],[@B63-sensors-15-06196]\]. In this study, ground-measured LAI values collected from each sampling unit were rigorously scrutinized and averaged to represent the field conditions. High-resolution LAI reference maps were also aggregated to the site scale.

4.2. Study Limitations
----------------------

With the exception of major uncertainties that originate from the ground measurements and LAI reference maps described in [Section 4.1](#sec4dot1-sensors-15-06196){ref-type="sec"}, a second source of uncertainty is associated with the methods used to generate the LAI reference maps (regression and physical methods) as each method presents unique advantages and limitations \[[@B16-sensors-15-06196],[@B64-sensors-15-06196]\]. The regression approach is straightforward and easy to compute but is site- and sensor-specific \[[@B60-sensors-15-06196]\]. The physical method is physically based and biome-independent but potentially ill-posed \[[@B65-sensors-15-06196],[@B66-sensors-15-06196]\]. Several studies have found that physical methods are more effective than statistical methods when studying large areas \[[@B64-sensors-15-06196],[@B67-sensors-15-06196]\]; when studying a single site, statistical methods may be more appropriate, although the differences between the two methods must be further explored.

Uncertainty in our results may also be a result of a spatial mismatch between the LAI reference maps and moderate resolution products. Every product exhibits geometric accuracy, and a pixel geolocation error may shift pixels and potentially interrupt the analysis by introducing mixed pixels \[[@B60-sensors-15-06196],[@B68-sensors-15-06196]\]. However, different projection systems and data processing methods applied to each product will also cause pixel mismatching. In our study, pixel shifts can affect half of all pixels, and we used an area-weighted average method to extract pixel values for each site. The large and homogeneous surface within and around the validation site can decrease the effect of geolocation errors.

This research must also be expanded to new biome types that have not yet been adequately represented, particularly woody savannas and broadleaf forest biomes with higher clumping effects and/or greater degrees of understory influence. The biomes validated in this study cannot properly represent the overall product variability, although they can serve as a reference for future validations.

4.3. Avenues for Future Research
--------------------------------

Given the limitations presented in this study, future validation work must be conducted in several areas. First, more validation sites of various biome types across China must be assessed to measure the LAI product uncertainty in these regions. Second, given the variable MODIS LAI product grassland and cropland results for the mid-growth stage, field work must be conducted in more grassland and cropland areas and must be used for MODIS LAI product validation. Third, several vegetation indices that can estimate green leaf area indices \[[@B69-sensors-15-06196],[@B70-sensors-15-06196]\] may be used in future regressions, and input data and parameters should be refined to reduce physical algorithm uncertainties. A comparison between these parameters should also be conducted to identify the best method for LAI reference map retrievals. Finally, a longer time series of validation data must be built using the algorithm developed here to further assess the interannual variations in response to climate, management, or pest outbreaks.

5. Conclusions
==============

In this study, the MODIS and GEOV1 LAI products were evaluated and intercompared using ground measurements and LAI reference maps of northern China. Generally, the GEOV1 product was the most accurate as it generated data that reflected the LAI reference maps. The MODIS products also performed well for meadow steppe, cropland and coniferous forest areas with low LAI values. However, for croplands that have LAI values larger than 3 and domains with LAI-retrieval accuracies limited by the precision of MODIS surface reflectances, Terra + Aqua MODIS produced more successful observations than Terra MODIS. The MODIS and GEOV1 products were consistent with the seasonal trajectories of the reference maps; GEOV1 generated smoother LAI variability, while the MODIS products generated more variable results during the summer. The anomalous seasonality was most likely caused by the uncertainty in the surface reflectance, incongruities between the modeled and measured reflectance values, and shorter temporal resolutions of eight days. This study recommends that further improvements of the MODIS LAI products should focus on finer algorithm inputs and improved seasonal variation modeling of MODIS observations.
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